Introduction
Micelles, emulsion droplets, vesicles, liquid crystals, polymer fibrils, and gels are characterized as soft matter and have drawn significant attention due to their ability to form integrated molecular systems. Such self-assembled molecules and/or polymer networks interact with each other via non-covalent interactions and thermally fluctuate more than those in the solid state. Soft matter can thus adaptively respond to environmental stimuli or perturba-chemical computing with reaction circuits.
The molecular design of soft matter building blocks is conventionally conceived based on the self-assembly of molecules and/or polymers in a closed, equilibrium state. However, such highly organized chemical machinery must functionalize its output according to the environmental input in an open, energy dissipative system Fig. 1 . For example, drug delivery carriers maintain their drug-encapsulating boundaries until they have accumulated at target tumors or tissues, at which point they release the drugs, and finally the carrier building blocks are decomposed via biological reactions. Biomolecules or biologically/environmentally degradable synthetic molecules have been developed for pre-practical/practical applications such as pharmaceutics or green and sustainable chemistry. They exhibit a high holding stability until they are exposed to specific stimuli, such as enzymes, in an open system. DNA/RNA self-assembly and the corresponding reaction networks, including degradation pathways, have been utilized in the regulation of such functions. Moreover, such dissipative systems occasionally exhibit spatiotemporal pattern formation, which induces the locomotion of soft matter particles. Even though our understanding of such dynamic systems has progressed through the development of mathematical and physical models, analytical methodologies are needed to fully understand the parameters and are critical to the progress of design of soft matter building blocks and their architecture. Here, we review recent progress regarding the dynamics of biocompatible or environmentally benign soft matter and its pre-practical/practical applications by describing novel measurement techniques and soft matter building blocks.
Interfacial tension: a long range interaction that sustains soft matter boundaries and potentially drives locomotion
In an open system, the boundaries of soft matter particles are defined by their interfaces. To evaluate how the interfaces of soft matter particles sustaining their body structure and for construction of chemical machinery, it is important to understand the parameters of the structures and reactions at the molecular scale, their motions at the fluid-dynamics scale, and their long-range interactions via electrical potentials 2 . For example, the motion of a selfpropelled camphor particle or alcohol droplet on an aqueous surface is known as autonomous chemical locomotion. Mathematical and physical models related to alteration of surface tension via the dissipation of camphor or alcohol molecules have been proposed, however, reports on the in situ measurement of the parameters of the dynamic system remain insufficient, and a complete understanding of these aspects of soft matter particles has yet to be established. Thus, analytical methodologies are critical to the progress of such research. Since the number of molecules at the interface is much smaller than the number of bulk molecules, interfacial signals are easily masked by bulk signals, and thus interface-sensitive analytical methods are important in evaluating layers of molecules at interfaces. For example, atomic force microscopy AFM is an established method for the detection of topography, force, and other molecular-scale mechanical properties, and AFM measurements of immersed liquids have been reported 3 6 . Even-order non-linear spectroscopy methods, such as second-harmonic generation SHG 7, 8 and sum frequency generation SFG 9, 10 ,
have also been applied to detect molecular structures or orientations at interfaces, because even-order non-linear polarizations are only induced in anisotropic regions such as interfaces. Additionally, the orientation of hyperpolarization is fixed according to the molecular coordinates. SFG is typically used to detect molecular vibrations and the orientation of adsorbed molecules via input from infrared light 11 13 .
However, SFG does not afford stable signals for interfaces immersed in water due to infrared absorption, but SHG can be used with immersed interfaces in water. Hence, SHG microscopy 14 has been applied to monitoring of anisotropic phenomena such as membrane potential 15 17 . In order to obtain interface information in regions smaller than the diffraction limit, a combination of optical methods and AFM, known as near-field scanning optical microscopy NSOM, or SNOM , has been developed 18 20 . Using near-field illumination around a probe tip, optical absorption, fluorescence, vibrational resonances such as tip-enhanced Raman scattering , or other electronic resonances can be detected. Because the probe area is limited to the area near the tip apex when using these methods, surface-sensitive methods using NSOM or SNOM have also been reported 21 23 .
Although numerous methods have been established to determine the molecule-scale properties of interfaces, analytical methods that yield information between the molecular and fluid-dynamical scales are rather limited. Interfacial tension is a parameter that is affected by molecular behaviors at interfaces, and it directly drives the fluid-dynamic motions at interfaces. Interfacial tension is conventionally measured using a probe e.g., the Wilhelmy plate method and the Du Noüy ring method or by deforming interfaces e.g., the pendant-drop method and the capillary-rise method . However, non-invasive and non-perturbing methods are inevitably important for the characterization of phenomena that accompany the dynamics of soft-matter interfaces, especially convectional motions. Among the approaches available to measure interfacial tension, the frequency of capillary waves at an air/liquid or liquid/liquid interface can be measured using quasi-elastic laser scattering QELS method 24 27 or laser induced surface deformation spectroscopy 28 . QELS method is based on the angle-and frequency-resolved detection of light scattering by capillary waves, and enables the detection of interfacial tension by irradiation with laser light without contact probes. By applying this method to time-and position-resolved measurements, QELS method becomes a powerful tool in the analysis of the driving forces behind the mechanical motions derived from the instability of interfacial tension. For example, the oscillatory flip motions of oil/water interfaces in the presence of surfactants, the surface wave of Belousov-Zhabotinsky reaction solutions, and self-propelled objects at the air/water interface have all been clarified in regard to the time course of interfacial tension 29 34 .
The surface tension distributions around a self-propelled camphor boat and an alcohol droplet with a constant velocity are shown in Fig. 2 . Whereas the camphor boat, which is a self-propelled floating plate with solid camphor tablets attached at its edges, is driven by the surface tension differences between its front and rear edges, the alcohol droplet is self-propelled by the surface tension gradient associated with the so-called Marangoni effect. The Marangoni effect is a long-range interaction between surface-active molecules and solvent molecules and is evoked at interfaces with heterogeneous interfacial tension to afford tangential flow to yield a homogeneous interfacial tension 35 37 .
Because the alcohol droplet has an anisotropic shape, differences in the surface tension gradient occur around it. Hence, the stronger tangential flow at the front edge causes the alcohol droplet to move. Since the alcohol droplet is consumed during its self-propelled motion and the dissolved alcohol in the bulk water is evaporated under the ambient air pressure, the system represents an open system that exhibits self-propelled motion until the alcohol droplet breaks through its boundaries. .
Environmentally benign surfactants and their emulsification
Inhomogeneous adsorption of surfactant molecules on an interface leads to Marangoni convection. Therefore, chemical machinery can also be constructed using surfactants. The emulsification of oil in aqueous systems using surfactants is well developed and has the potential to yield locomotive systems. Oil-in-water emulsion droplets have been shown to exhibit autonomous locomotion in an aqueous solution of ester-containing cationic surfactants 38 .
The driving force behind the autonomous locomotion was attributed to Marangoni instability around the droplets 39 .
Although the precise mechanism of the underwater locomotion of the oil droplets remains to be clarified, the locomotion time of the emulsion droplets was extended via chemical reactions of the surfactants 38, 40 .
Surfactants are not easily decomposed in the natural environment. As such, they are widely used in large quantities in industry as fibers, pharmaceutical agents, foods, and as household detergents. Owing to their solubility in water, surfactants are generally difficult to recover or reuse; therefore, if they are not biodegradable they are typically released into the environment as drainage. Therefore, the development of surfactants with improved biodegradability is required to further novel developments in green and sustainable chemistry Fig. 3 41 . Moreover, the development of surfactants with superior performance can reduce their consumption. Figure 4 shows the molecular structures of some typical environmentally benign surfactants. Some environmentally benign surfactants have been synthesized using renewable resources, such as sugars and amino acids, and exhibit low toxicity and high biodegradability. Because sugar-and amino acid-based surfactants form relatively stable emulsions with large quantities of oil components and water, they are used as emulsifiers in foods and cosmetics, in addition to their use in technical fields such as emulsion polymerization 42, 43 . Additionally, sugar-based biosurfactants produced by a variety of microorganisms exhibit unique properties such as mild production conditions, multifunctionality, and high environmental compatibility 44 . These features should broaden their range of applications in novel advanced technologies. Surfactants containing hydrolyzable bonds, synthesized with fatty acids or fatty alcohols are also considered to be environmentally benign, because they exhibit excellent biodegradability by environmental microbes 45 , due to the high biodegradability of their degradation compounds produced by the enzymatic hydrolysis of their linkages. Because amide-containing cationic surfactants are rapidly biodegraded by activated sludge and can solubilize oil-soluble materials in water, they have attracted much attention as hair conditioners 46, 47 . Biodegradable diethyl ester-type cationic surfactants have also been used as fabric softeners 48 . Furthermore, carbonate-containing surfactants are synthesized via a halogen-free green process and exhibit good biodegradability and hydrolytic stability 49 .
Since the natural environment is an open system, emulsification processes using next-generation surfactants in the non-equilibrium state lie on the frontier of surfactant research, and further development of novel designs and functions of surfactants for chemical machinery is required. When designing new biomaterials for applications in tissue engineering, the biocompatibility of the material must be considered. In particular, the cytotoxicity of the degradation products is critical in assessing the potential of the substrate as an implantable biomaterial. Degradable polymeric biomaterials are often based on ester or amide polymer backbones, including polylactides, polyhydroxyalkanoates, and polyamines, as ester or amide hydrolysis provides a mechanism for degradation. A significant drawback of polyesters and polyamides is the formation of carboxylic acids as degradation products. As a result, the acidity of the surrounding tissue increases, and the rise in local acidity has been implicated in further scaffold degradation self-catalyzed degradation and pronounced inflammatory responses.
To prevent the release of acidic degradation products, a novel class of biomaterials that contain a cyclic acetal moiety as the degradable segment has been designed and synthesized. Cyclic acetals degrade under mildly acidic conditions to produce hydroxyl and carbonyl terminals as degradation products, and therefore may not affect the local acidity or promote inflammation. Recently, a series of cyclic acetal-based biomaterials for use in tissue engineering was reported 52, 53 . A brief description of cyclic acetalbased hydrogels for cell encapsulation and polymeric micelles for controlled drug release follows. The encapsulation of bone marrow stromal cells BMSCs in hydrogels and the subsequent incubation of these hydrogels in osteogenic medium promote the proliferation and differentiation of stem cells and represent an effective therapy to regenerate bone-like tissues. Degradable hydrogels based on a polyether, poly poly ethylene glycol -co-cyclic acetal PECA , consisting of a cyclic acetal as the degradable segment and poly ethylene glycol PEG as the hydrophilic segment were designed and produced for cell encapsulation Fig. 6a 52, 54, 55 . Encapsulation of BMSCs in PECA hydrogels was achieved via chemical crosslinking of the acryl terminal groups of PECA in the presence of BMSCs in the culture medium. The viability of BMSCs embedded on PECA hydrogels was determined using a live/dead assay; high viability was maintained for two weeks. Moreover, gene expression analysis confirmed that BMSCs embedded in PECA hydrogels exhibited osteogenic differentiation following incubation in osteogenic medium for two weeks Fig. 6b . The degradation kinetics of the cyclic acetal segments were investigated under acidic conditions and simulated physiological conditions. The degradation rate of the cyclic acetal-based polymer under acidic conditions was significantly influ-
Fig. 5 A series of biodegradable synthetic polymers that have been used as biomaterials.
enced by pH and temperature. The pH of the buffer remained constant, and the hydrogel lost approximately 30 of its dry weight after 5 months of in vitro incubation Fig.  6c . These results indicated that cyclic acetal-based hydrogels may be utilized as scaffolds for stem cell differentiation as their degradation products have low cytotoxicity. Polymeric micelles are often used as drug delivery carriers due to their high stability, biocompatibility, and low critical micelle concentration. The mechanism of micelle formation is based on the hydrophilic/hydrophobic interactions of amphiphilic di-or tri-block copolymers, and is known as self-assembly. Water-insoluble drugs are entrapped within the hydrophobic core and become soluble in water because of the hydrophilic shell. The drugs are then released from the inner core of the polymeric micelle at targeted sites within the body, facilitated by the stimulisensitive structure of the micelles. Tri-block copolymers composed of PECA as the hydrophilic degradable segment and poly trimethylene carbonate PTMC as the hydrophobic segment have been synthesized, and a drug was successfully entrapped in the amphiphilic polymeric micelle Fig. 7a 56 . PTMC was chosen as the hydrophobic segment because its degradation products are non-acidic. The cyclic acetal segments were degraded under acidic conditions, whereas the carbonate linkages did not degrade under non-enzymatic conditions. The degradation rate of the copolymer was enhanced as the acidity of the buffer increased, due to the higher degradability of the cyclic acetals under acidic conditions. A drug release study using a hydrophobic drug showed that the amount of release increased as the pH of the buffer decreased due to the degradation of the cyclic acetal segment under acidic conditions, which led to the utilization of PECA-based micelles as a pH-sensitive DDS carriers Fig. 7b . Cyclic acetalbased biomaterials have been shown to be viable alternatives to other biomaterials that have been used in the biomedical field. In addition to hydrogels and polymeric micelles, cyclic acetal-based polymers may also be applied as adhesives, nanospheres, and organic/inorganic hybrid materials. 
Giant vesicles and their applications as protocell models and bioimaging markers
A vesicle is a compartment structure composed of a lipid bilayer membrane. Vesicles are classified according to size. Small and large vesicles have diameters of less than 100 nm and in the range of 10 -1000 nm, respectively. They are also utilized as drug delivery carriers 57 . Giant vesicles GV with diameters greater than 1 μm have drawn much attention as model cell-sized biomembranes due to their size and membrane structure. Lecithin is conventionally used as a GV-forming molecule. Lecithin is a mixture of phosphocholines extracted from egg yolk or soybeans and it is used as a food additive for emulsification and stabilization of emulsions. In 1969, Reeves et al. prepared GVs from lecithin phosphatidylcholines from egg yolk by swelling thin films in an aqueous solution 58, 59 . Today, several methods are used to prepare GVs; swelling phospholipid films under alternative electric fields 60, 61 , fusion of small vesicles 62, 63 , lipid-coating of ice droplets 64 , lipid-coating of water-in-oil-in-water W/O/W droplets by microfluidics 65 68 , and water-in-oil W/O emulsion transfer 69 . Since each method has certain advantages and disadvantages, the most suitable preparation method should be chosen. In this section, the W/O emulsion transfer method for the construction of complex biomembrane models is described. This method was primarily investigated by Pautot et al. for the formation of unilamellar GVs. It consists of two steps, as shown in Fig. 8 . The first step involves layering the aqueous phase, oil phase 1st oil phase containing phospholipids, and W/O emulsion 2nd oil phase , which is stabilized by phospholipids. The second step involves submerging the W/O emulsion droplets in the lipid monolayer on the water-oil interface by centrifugation. The outer and inner leaflets of GVs are composed of phospholipids in the 1st and 2nd oil phases. This method has several advantages, including production of GVs of the uniform lamellarity, as revealed by population analysis 70 , preparation of asymmetric GVs with inner and outer leaflets consisting of different lipids 71, 72 , encapsulation of polymers and microbeads into GVs with high volume fractions 73 75 , and the ability to control the size of the GVs 76 .
Various studies have been conducted on protocell models constructed using the W/O emulsion transfer method. These studies have focused on gene expression and metabolic reaction networks in GVs and the control of deformations of GV membranes. 87 . This trend shows the acceleration of the construction of protocell models that exhibit adaptability to open systems and their applications. Imaging of cell-or tissue-markers based on GVs serves as an example of the potential applications. The development of new technologies for imaging of living bodies or organs using cell-and tissue-markers to ensure good spatial resolution, sensitivity, and detectability is one of the most important subjects in pharmaceutical and medical treatment research. High-field magnetic resonance imaging MRI with contrast medium is already used clinically, and the design of new MRI probes for pharmaceutical and medical applications has attracted significant attention. Super-paramagnetic iron oxide SPIO is a promising candidates for the development of smart and functional probes. The use of large SPIO particles 1 μm 88 may induce long-term toxicity, and, hence, smaller SPIO particles, especially nanometer-sized particles, is desirable for use in cell tracking. However, their use results in a loss of signal detectability, as well as in the accumulation of particles in cells, which may be toxic. These issues must be overcome before safe and low-toxicity cell-tracking applications can be realized. Hence, GVs that encapsulate SPIO particles at high number density have become a research focus 89 .
Phospholipid membranes are natural membranes that are degradable in vivo. The encapsulation of SPIO particles at a high number density in GVs yields SPIO-containing GVs SPIO-GVs that can be used as highly sensitive MRI probes Fig. 9a . The W/O emulsion transfer method has been adopted and it produces SPIO-GVs composed of a single lamellar membrane with a diameter of 4.7 2.2 μm. In vivo micro MRIs of medaka embryos injected with SPIO-GVs have been examined. After injection of the SPIO-GV into one cell of a 4-cell stage embryo with a glass capillary and fixing with paraformaldehyde, dark spots typical diameter, 200 μm were observed at the blastomeres of the injected cells. This indicated that the GVbased SPIO MRI contrast agent could be effective for enhancement of the MRI signal at the cellular level. This finding will contribute to the development of imaging techniques for use in fundamental biology studies and pre-clinical pharmaceutics.
Rapid in situ imaging of human tissues is required for surgical applications. Specifically, various techniques using preoperative or intraoperative gastrointestinal endoscopies to assist with the intraoperative localization of tumors have been proposed. However, these techniques have only scarcely provided tissue markers that can be injected from within the digestive tract by an endoscopic instrument and visualized from the outside. In addition, near-infrared NIR fluorescent molecules, such as indocyanine green ICG 90 , have drawn much attention because the NIR light can permeate organ tissues and can be excited and detected with a fluorescence CCD camera. Furthermore, ICG has been approved by the Food and Drug Administration in the United States. However, this fluorescent probe is subject to blur and bleaching. GV-based tissue markers, including ICG, are prepared using three steps 91 : i mixing of ICG with lecithin GVs;, ii suspension of the ICG-containing giant vesicles ICG-GV in an oil phase dissolving polyglycerol-polyricinoleate PGPR , and iii centrifugation of the suspension layered on a buffered solution to obtain a giant polymer vesicle polymerasome containing ICG-GV Fig.  9b . When the tissue marker was injected into the inner gastric surface of an anesthetized pig using an endoscopic syringe and the injection site was observed using a laparoscopic fluorescence camera, the diameter of the spot blur was approximately 2 cm over a 5-h period, which can be used to determine the location of early-stage tumors of several centimeters in diameter. This result demonstrated the utility of tissue markers for tumor marking, and suggests their potential to assist in navigation during surgical procedures.
6 Chemical machinery based on DNA/RNA selfassembly and biomolecular reaction networks In addition to the aforementioned surfactants, lipids, and biodegradable synthetic polymers, DNA and RNA are also degradable polymeric biomaterials present in environmental and living systems. In isolation from open systems, the self-assembly and dynamics of these molecules have been developed using the hybridization and dissociation of specific sequences of single-stranded DNA/RNA and enzymes. In this section, the degradation and dissipation of such molecules are described, and a novel micrometer-sized chemical open reactor for dynamic biomolecular reaction networks is introduced.
In the last decade, DNA/RNA molecules have been used as programmable soft materials, and have contributed to the construction of elaborate nano/micrometer-sized selfassembled systems such as 2D/3D nanostructures 92 94 , molecular robots 95, 96 , molecular computing devices 97 100 , etc. Programmability of DNA/RNA can be achieved by base sequence design, and the stability of internal and hybridized structures of DNA/RNA molecules can be predicted by thermodynamic calculation of base pairing hydrogen bonding . The construction of self-assembled DNA/RNA systems should be based on their sequence-derived programmability, and on the soft properties of DNA/RNA, i.e., their hydrogen bonding-based structure formation and degradability of DNA/RNA. Since the hydrogen bonds are not very strong, the formation and deformation of base pairing can easily be controlled with environmental stimuli such as temperature, pH, ion strength, small molecules, etc. In addition, DNA/RNA can easily be degraded with nu- Fig. 9 Schematic illustration of (a) SPIO-GV as a cellmarker and (b) NIR-fluorescent dye as a tissuemarker.
cleases and restriction enzymes, as they are generated by polymerases. These properties of generation/formation and degradation/deformation enable time-variable dynamic functions such as robotic motion, computation, etc. Figure 10a shows an example of a dynamic chemical system based on the generation and degradation of DNA/ RNA, called the Reverse-transcription and Transcriptionbased Autonomous Computing System RTRACS 97 . This system exhibits logical operation, e.g., AND operation with two RNA inputs and an RNA output. When RNA molecules are input, a reverse transcriptase produces DNA; after many steps of generation, degradation, hybridization, and dissociation, an RNA polymerase finally produces an output RNA. In addition, based on this system, a molecular oscillator with periodic changes in RNA concentration can be realized Fig. 10b 98 . For the generation of oscillation, a negative feedback reaction that includes generation and degradation of RNA is essential. Similar DNA/RNA-based systems have been reported by several research groups 99, 100 .
In living systems, the influx and dissipation of molecules into/out of the open system are used to generate self-organized chemical dynamics, as well as to generate and degrade molecules. Self-organized dynamics are known as dissipative structures in non-equilibrium states, as proposed by Prigogine et al. 101 . Simultaneous with dissipation of molecules from the system, entropy is removed and order is maintained in the system. To realize a non-equilibrium state in chemical reaction systems, a microdropletbased chemical open reactor has been developed Fig. 11a , b 102 . In this open reactor, droplet fusion and fission led to the sustained influx and dissipation of molecules. Using this system, sustained rhythmic chemical oscillation 103 was
achieved Fig. 11c .
Concluding remarks
Here we have reviewed recent progress in functional soft matter particles in open systems. Surface-active agents exhibit formation of bounded liquid and emulsion droplets that are capable of self-propelled motion under certain conditions due to heterogeneous interfacial tension associated with the Marangoni effect. Examples of typical open systems include the environment and living systems. Bio- logically and/or environmentally compatible amphiphiles and polymers have been developed as drug delivery carriers, cell-/tissue-markers, and tissue regeneration scaffolds. Soft matter maintains its boundaries until it breaks out following appropriate adequate external stimuli. Moreover, when using information molecules such as DNA and RNA, the continuous dissipation/degradation of molecules leads to sustained dynamic behaviors in these self-assembled molecular systems such as molecular computation, rhythmic chemical reactions, etc. To construct highly functional chemical machinery composed of self-assembled molecular/polymer systems such as molecular robots 104 , the dissipation or degradation of molecules as well as the influx or generation of molecules should be considered during system design.
